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MinC, MinD, and MinE Drive Counter-oscillation of Early-Cell-
Division Proteins Prior to Escherichia coli Septum Formation
Paola Bisicchia,a Senthil Arumugam,b Petra Schwille,c David Sherratta
Department of Biochemistry, University of Oxford, Oxford, United Kingdoma; Institute Curie, Paris, Franceb; Max Planck Institute of Biochemistry, Martinsried, Germanyc
ABSTRACT Bacterial cell division initiates with the formation of a ring-like structure at the cell center composed of the tubulin
homolog FtsZ (the Z-ring), which acts as a scaffold for the assembly of the cell division complex, the divisome. Previous studies
have suggested that the divisome is initially composed of FtsZ polymers stabilized by membrane anchors FtsA and ZipA, which
then recruit the remaining division proteins. TheMinCDE proteins prevent the formation of the Z-ring at poles by oscillating
from pole to pole, thereby ensuring that the concentration of the Z-ring inhibitor, MinC, is lowest at the cell center. We show
that prior to septum formation, the early-division proteins ZipA, ZapA, and ZapB, along with FtsZ, assemble into complexes
that counter-oscillate with respect to MinC, and with the same period. We propose that FtsZmolecules distal from high concen-
trations of MinC form relatively slowly diffusing filaments that are bound by ZapAB and targeted to the inner membrane by
ZipA or FtsA. These complexes may facilitate the early stages of divisome assembly at midcell. As MinC oscillates toward these
complexes, FtsZ oligomerization and bundling are inhibited, leading to shorter or monomeric FtsZ complexes, which become
less visible by epifluorescence microscopy because of their rapid diffusion. Reconstitution of FtsZ-Min waves on lipid bilayers
shows that FtsZ bundles partition away from high concentrations of MinC and that ZapA appears to protect FtsZ fromMinC by
inhibiting FtsZ turnover.
IMPORTANCE A big issue in biology for the past 100 years has been that of how a cell finds its middle. In Escherichia coli, over 20
proteins assemble at the cell center at the time of division. We show that the MinCDE proteins, which prevent the formation of
septa at the cell pole by inhibiting FtsZ, drive the counter-oscillation of early-cell-division proteins ZapA, ZapB, and ZipA, along
with FtsZ.We propose that FtsZ forms filaments at the pole where the MinC concentration is the lowest and acts as a scaffold for
binding of ZapA, ZapB, and ZipA: such complexes are disassembled byMinC and reform within theMinC oscillation period
before accumulating at the cell center at the time of division. The ability of FtsZ to be targeted to the cell center in the form of
oligomers bound by ZipA and ZapABmay facilitate the early stages of divisome assembly.
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The first known event in bacterial cytokinesis is the polymeriza-tion of the tubulin homologue FtsZ into a ring-like structure,
the Z-ring, assembled on the cytoplasmic face of the cell mem-
brane at the future site of cell constriction and stabilized by the
membrane-anchoring proteins ZipA and FtsA (1). Assembly of
the Z-ring is regulated temporally and spatially, to ensure that it
occurs at the correct time of the cell cycle and in the correct place,
between segregated chromosomes at the center of the cell. Two
negative regulatory systems have been identified in Escherichia
coli: the nucleoid occlusion (NO) system, which prevents Z-ring
formation over the nucleoid, and the Min system, which inhibits
cell division away from midcell. The NO system is mediated
through DNA binding protein SlmA, which binds to regions scat-
tered in the origin-proximal two-thirds of the chromosome (2)
and prevents Z-ring formation through direct interaction with
FtsZ (3, 4): as the duplicating chromosomes segregate, SlmA
moves away frommidcell, making it permissive for Z-ring assem-
bly. The Min system comprises three proteins, MinC, MinD, and
MinE. MinC dimer binding to FtsZ protofilaments directly or
indirectly leads to FtsZ bundle and protofilament disassembly by
shortening of FtsZ polymers and by competingwith FtsA/ZipA for
the binding to the C terminus of FtsZ (5–8). MinC is recruited to
the cell membrane by MinD and is topologically regulated by
MinE,which undergoes an oscillation alongwithMinC andMinD
between the poles of the cell (reviewed in reference 9). This oscil-
lation is such that the time-averaged concentration of the cell di-
vision inhibitorMinC is lowest at the cell center and highest at the
poles (10), with the effect of blocking cell division at poles and
allowing it at the cell center.
The mature cell division machinery comprises over 24 differ-
ent protein components (11). Such proteins are recruited to mid-
cell following a clear pattern of genetic dependencies, which does
not necessarily reflect the temporal order of assembly (12). The
current view is that the divisome is initially composed of
membrane-anchored FtsZ polymers, which subsequently recruit
other cell division proteins (12, 13), with a subset of early-division
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proteins, including ZapA and ZapB, being recruited before the
majority of divisome components (Fig. 1) (14).
ZipA is an integral membrane protein that, together with FtsA,
plays the essential role of tethering the Z-ring to the inner mem-
brane by directly interacting with FtsZ filaments (15). In addition,
ZipA is capable of inducing FtsZ bundling in vitro (16, 17) and of
protecting FtsZ from degradation by ClpP (18), consistent with a
role in stabilization of the Z-ring. The ZapA cytoplasmic protein,
like ZipA, apparently stabilizes both protofilaments and bundles
(19–23). Unlike ZipA and ZapA, the ZapB cytoplasmic protein
does not bind FtsZ directly but is recruited to the Z ring through
ZapA (24); it has been implicated in stimulation of Z-ring forma-
tion (25) as well as in coordination of cell division with chromo-
some segregation through its direct interaction with MatP, a pro-
tein that binds to the terminus region of the chromosome,
promoting its compaction and organization (26, 27).
The in vivo dynamics and localization of early-cell-division
proteins have so far been investigated only in relation to their
septal location, where they have been observed to localize approx-
imately simultaneously (19, 28–30). However, these studies were
conducted using fluorescent derivatives expressed under condi-
tions of inducible control and in addition
to the wild-type copy of the protein and
therefore effectively under conditions of
overexpression (15, 19, 24, 25, 31). In or-
der to assess the dynamics of such pro-
teins under more physiological condi-
tions, we expressed fluorescent versions
of these proteins at their original chro-
mosomal loci under the control of their
native promoter. We found that the bulk
cellular fluorescence of functional ZapA,
ZapB, and ZipA fluorescent fusions ex-
hibited an oscillatory movement in the
direction opposite to that of MinC and in
the same direction and with the same pe-
riodicity as that of bulk FtsZ. Although
we could not study themovement of FtsA
because of the lack of a functional fusion
protein, our expectation is that FtsA un-
dergoes a similar oscillatory movement.
The oscillation of ZipA, ZapA, and ZapB
was dependent on Min and on the pres-
ence of FtsZ filaments, since it was pre-
vented in a minDE null mutant strain, as
well as upon overexpression of SulA,
which prevents FtsZ polymerization.
We propose that FtsZ starts forming
short filaments in the cytoplasm before
cell division; such filaments are immedi-
ately decorated by ZapAB and ZipA, tar-
geted to the cell membrane through ZipA
and FtsA, and disassembled byMinC, en-
suring that Z-rings, containing bundles
of FtsZ protofilaments, form only at the
cell center. The ability of early-cell-
division proteins to start associating with
FtsZ before cell division represents an ef-
ficient mechanism for the cell for rapid
assembly of the Z-ring.
RESULTS AND DISCUSSION
ZapAB, ZipA, and FtsZ display a counter-oscillation with re-
spect to MinC within cells. In order to determine the patterns of
localization of ZapA, ZapB, and ZipA in cells, we used functional
fluorescent mYPet and mCherry fusions of these proteins, ex-
pressed from their endogenous promoters in the E. coli chromo-
some (Fig. 1A). Strains expressing single-fusion proteins, or com-
binations, grew with normal length and division characteristics
and did not display any noticeable cell growth and morphology
defects. In addition, the fusion proteins correctly localized to septa
at the expected time within the cell cycle, indicating that the pres-
ence of the fluorophores did not affect their function.
To visualize multiple cell division proteins in the same cell, we
constructed strains expressing all possible combinations of two of
the three proteins ZapA, ZapB, and ZipA, with one protein fluo-
rescing in the green channel and the other in the red channel. In
addition, to determine the localization of these proteins with re-
spect to FtsZ, we transformed such strains with plasmid pCP8,
which allows constitutive expression of an FtsZ-cyan fluorescent
protein (CFP) derivative from a weak promoter. Previous work
FIG 1 (A) Schematic presentation of constructs generated for creating YPet, mCherry, and CFP
derivatives of early-cell-division proteins. Fusion proteins were expressed at their native chromosomal
location under the control of their physiological promoter, with the exception of FtsZ-CFP, which was
expressed from a plasmid at low levels. YPet, mCherry, and CFP fluorophores were fused to either the C
terminus or the N terminus of the protein, as illustrated. (B) The panel at center left shows a time-lapse
analysis of E. coli strain PB213 (yPet-minC mCherry-zapA). A representative elongating cell is dis-
played. The graph below the panel represents the plot of differential fluorescence intensities between the
left side and right side of each cell. Graphs on the right display the line profiles of fluorescent signals
emanating from the cell. Arbitrary fluorescent units (obtained with the ImageJ software) are plotted on
the y axis; cell length (in m) is plotted on the x axis. Cells were grown in M9 medium supplemented
with 0.2% glycerol at 37°C. Bars, 2 m.
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has shown that in cells carrying this plasmid, about 11% of the
total FtsZ is the FtsZ-CFP fluorescent version and that these cells
grownormally anddonot have aberrant FtsZ-ring structures (32).
Cells of these strains growing in minimal medium showed flu-
orescent signals at septa, as expected. In addition, elongating cells
with no septal signal displayed bulk fluorescence distributed non-
uniformly throughout the cell as well as brighter nonseptal spots
(see Fig. S1 in the supplemental material). Time-lapse analysis
showed that ZapA, ZapB, ZipA, and FtsZ are targeted at the sep-
tumwithin 1min of each other (seeMovie S1 in the supplemental
material).We also noted in the initial time-lapse experiments that
the localization of the nonseptal signals changed over time (see
Movie S2 in the supplementalmaterial). To investigate further the
dynamic behavior of ZipA, ZapA, and ZapB, time-lapse images
were acquired every 10 s, using a 200-ms capture time for mYPet
and a 500-ms capture time for mCherry. Analysis showed an
oscillation-like movement of a large fraction of the total fluores-
cence along the long axis of the cell. This oscillatory behavior was
readily observed in about 50% of cells for all strains analyzed. A
complete cycle took about 20 s (see the ZapA-, ZapB-, and ZipA-
derived signals in Fig. 1B; see also Fig. S1). This dynamic behavior
was strikingly similar to that of theMinCDE proteins, which have
an oscillation cycle with a periodicity which was found to range
between seconds and minutes, depending on the growth condi-
tions (see reference 33 and references therein).
We then compared the apparent oscillation of ZipA-ZapAB-
FtsZ with that of MinC, using functional YPet and mCherry fu-
sions of MinC expressed from the endogenous promoter. Time-
lapse analysis showed the expected oscillation of MinC in all cells,
with a periodicity of about 20 s, similar to that observed for the
early-division proteins (see Movie S3 in the supplemental mate-
rial). Simultaneous time-lapse observations of MinC with ZapA
showed counter-oscillation of MinC, with ZapA in all cells that
exhibited ZapA oscillation (Fig. 1B). The oscillatory behavior was
evident in elongating and dividing cells (Fig. 1B; see also Fig. S1 in
the supplemental material). Quantitative analysis of the differen-
tial fluorescent intensities between the left and right sides of the
cell for both YPet-MinC- and mCherry-ZapA-derived signals
highlights the oscillation behavior of MinC and ZapA and shows
that such oscillation occurred both in elongating cells and, al-
though to a lesser extent, in cells in which the septum is already
forming (see Fig. S1). Linescan analysis confirmed the counter-
oscillatory behavior (Fig. 1B). The same result was obtained when
MinC and ZipA ZipA or ZapB dynamics were compared (see
Fig. S1).
To test whether we could compare any FtsZ oscillation to that
of ZipAorZapAB,weused cells expressing an FtsZ-CFPderivative
under the control of a weak promoter on a low-copy-number
plasmid in cells that had a normal endogenous ftsZ gene (32).
These cells also expressed ZipA-YPet, YPet-ZapA, or YPet-ZapB.
The time-lapse analysis shows that FtsZ co-oscillated with ZipA-
ZapAB in all cells that exhibited ZipA-ZapAB oscillation (Fig. 2;
see also Fig. S2 in the supplementalmaterial). An earlier study (34)
had also reported counter-oscillation of FtsZ with MinC, but in
those experiments it was observed in only a small fraction of long
cells, perhaps because their experiments used FtsZ-green fluores-
cent protein (GFP) expressed from an ectopic gene under the
control of an IPTG (isopropyl--D-thiogalactopyranoside)-
inducible promoter in a wild-type ftsZ background, thereby re-
sulting in a fraction of cellular FtsZ being fused to fluorescent
protein that was larger than that seen here.
Taken together, these results show that ZapAB, ZipA, and FtsZ
co-oscillate in the opposite direction with respect to MinC, and
with similar periodicity, consistent with ZapAB-ZipA being com-
plexed to FtsZ prior to its recruitment to midcell.
ZapA,ZapB, andZipAoscillation is lost inMin cells.To test
our expectation that the FtsZ-ZipA-ZapAB co-oscillation would
be dependent on a functional Min system, we analyzed the dy-
namic behavior of these proteins in cells lackingMin (Min cells).
Previous work had already showed that FtsZ oscillation is
MinCDE dependent (34). We found that, although these proteins
still appeared to associate in complexes in Min cells, the oscilla-
tory behavior was lost in all cells, demonstrating that ZipA-ZapAB
counter-oscillation isMinCDEdependent (Fig. 2B; see also Fig. S3
in the supplemental material).
ZapB oscillation is ZapA dependent. Since ZapA binds FtsZ
and ZapB binds ZapA, we predicted that if the counter-oscillatory
behavior requires FtsZ oligomers as a scaffold, then ZapB oscilla-
tion would be ZapA dependent. This was indeed the case; zapA
cells showed no ZapB oscillation but retained FtsZ oscillation,
despite zapA cells being longer and having division defects and
misplaced Z-rings (Fig. 2C) (24). We propose that the polar ZapB
spot present in most elongating cells of the zapA strain results
from interactions of ZapB andMatP-ter, which are pole proximal
for most of the cell cycle (27, 32).
SulA inhibition of FtsZ oligomerization prevents oscillation
of ZapAB, ZipA, and FtsZ. If FtsZ polymerization/bundling pro-
vides the “scaffold” for the observed counter-oscillation, then in-
hibition of FtsZ polymerization into protofilaments by SulA over-
expression (35–37) should block the counter-oscillation of ZipA-
ZapAB. This was the case; SulA overexpression prevented not only
the oscillatory behavior of FtsZ but also that of ZipA-ZapAB
(Fig. 3). In addition, SulA overexpression led to the loss of the
nonseptal ZipA-ZapAB fluorescent spots that were observed in
wild-type cells, consistent with the view that in wild-type cells the
spots are composed of FtsZ filaments bound to ZapAB and ZipA.
The regular spacing of fluorescent ZapAB “clouds” corresponded
to nucleoid-free spaces (see Fig. S4 in the supplemental material),
indicating that they were present in oligomeric assemblies that
were excluded from the bulk nucleoid mass. This explanation is
consistent with the ability of these proteins to form filaments in
vitro (19–22, 24) and with the observation that, in contrast with
ZapA and ZapB, the signal derived from FtsZ appeared homoge-
neous throughout the cell and therefore does not seem to be ex-
cluded from diffusing into the nucleoid (Fig. 3A). Similarly, the
ZipA-YPet signal was present throughout the long axis of the cell,
with some enrichment to the cell membrane (Fig. 3D; see also
Fig. S4C and D in the supplemental material). The Min-
dependent FtsZ oscillatory behavior observed previously was
most readily observed in cells that were elongated by FtsZ or FtsI
impairment or by SulA expression (34).We are not sure why SulA
expression did not inhibit FtsZ oscillation in these experiments
but note that cells were grown in richmediumand that the cellular
level of FtsZ was increased by expressing an additional 30% to
40% of FtsZ as a fluorescent fusion.We propose that, under those
conditions, there may have been insufficient SulA to sequester all
of the FtsZ.
The results presented so far indicate that the counter-
oscillation of ZipA and ZapAB is due to the rapid formation of
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FtsZ filaments, which are immediately decorated by early-cell-
division proteins at the pole where the MinC concentration is
lower and are rapidly disassembled when the MinC local concen-
tration arises periodically. In this scenario, the formation of FtsZ
filaments bound to ZipA-ZapAB would make the diffusion of
these proteins slower and therefore more visible by epifluores-
cencemicroscopy. Thismodel implies that FtsZ is able to assemble
and turn overwithin the 20-s oscillation period ofMinC; crucially,
this is consistent with the rate of FtsZ turnover that has been
measured in vivo for E. coli by fluorescence recovery after photo-
bleaching (FRAP) analysis: recovery of a bleached spot on the FtsZ
occurs with a half-time of about 9 s, indicating that FtsZ subunits
in the Z-ring exchange with those in the cytoplasm on this time
scale (38).
In vitro-reconstitutedMinCDEwaves exclude FtsZ bundles.
Wewished to test whether we could recapitulate any aspects of the
in vivo counter-oscillation thatwe characterized in vitro and to test
whether ZapA had any effects on the dynamics. Min waves were
established on supported lipid bilayers in the presence of purified
FtsZ using established conditions (39, 40). FtsZ bundle networks
were assembled using a mixture of wild-type FtsZ and FtsZ-YFP-
MTS, which contains the membrane targeting sequence (MTS)
from MinD (40). FtsZ-YFP-MTS polymerized on the supported
lipid bilayer and formed a bundled dynamic network of mixed
polymers containing FtsZ and FtsZ-YFP-MTS. The bundles were
about 5 to 6 protofilaments thick and showed dynamic turnover
because of ongoing GTP hydrolysis (40). The FtsZ bundles and
Min waves were reconstituted as previously described (40, 41).
Min waves were imaged using MinD-Cy5, which colocalizes with
MinC and MinE (41). We observed that FtsZ bundles were sub-
jected to the action of MinC in the Min waves, as visualized by
FtsZ bundles being excluded from the zones containingMin, with
FtsZ bundle assembly and disassembly occurring along the lipid
support following the Min waves (Fig. 4A, top panel). In the ab-
sence ofGTP, FtsZfilaments did not form; in the absence ofMinC,
or in the presence of the nonhydrolyzable GTP analog GMPCPP,
the Min waves propagated through the FtsZ filaments (data not
shown).
Since ZapA facilitates FtsZ bundling formation and protects
FtsZ bundles from the inhibitory effect of MinC in vitro (42), we
then tested the effect of adding ZapA to the dynamics of the sys-
tem, in particular, to see if ZapA protected FtsZ bundles from the
FIG 2 Time-lapse analysis. Data are shown for PB283 (zipA-yPet pftsKftsZ-cfp) (A), PB352 (yPet-zapB zipA-mCherry minDE) (B), and PB393 PB393
(yPet-zapB pftsKFtsZ-CFPzapA) (C). Fields of view containing100 cells were examined, and 5 representative elongating cells were analyzed. Graphs represent
the plot of differential fluorescence intensities between the left side and right side of each cell: themean values for 5 different cells are reported at each time point,
with error bars representing the standard deviations from the means. Cells were grown in M9 medium supplemented with 0.2% glycerol at 37°C. Bars, 2 m.
Bisicchia et al.















inhibitory effect of MinC. Addition of ZapA had no effect on the
Minwaves in the absence of FtsZ (data not shown).Upon addition
of ZapA, the FtsZ bundleswere no longer spatially regulated by the
Min waves (Fig. 4A, bottom panel). We found that after ZapA
addition, FtsZ bundles spread upon the lipid surface (Fig. 4A,
bottom panel) and occupied the gaps left by the dispersing Min
waves on the lipid bilayer (Fig. 4B). These results indicate that FtsZ
bundling caused by ZapA protects FtsZ bundles from the inhibi-
tory effect of MinC under these minimal in vitro conditions. The
disappearance of visible Min waves upon ZapA addition is likely
to be due to the increased stability of FtsZ bundles, which, instead
of disassembling due to Min waves, stably assembled and occu-
pied the available surface on the membrane, disrupting the Min
waves.
To further investigate the effect of ZapA on FtsZ assembly,
fluorescence recovery after photobleaching (FRAP) was used to
measure the effect of ZapA on FtsZ turnover on the lipid bilayers.
We found that ZapA inhibited FtsZ turnover in a concentration-
dependentmanner (Fig. 4C). In the absence of ZapA, the value for
the turnover rate of FtsZ (the half-time of recovery of the bleached
FtsZ-YFP-MTS region on the lipid bilayer) was about 10 s
(Fig. 4C; see the supplemental material for turnover rate calcula-
tion). Upon ZapA addition, this value increased to 12 and 14 s in
the presence of 0.1mand 0.2mZapA, respectively (Fig. 4C). In
addition, the mobile fraction of FtsZ (the fraction of total FtsZ
actively showing turnover between filaments and solution) was
94% in the absence of ZapA and was reduced to 76% and 52% in
the presence of 0.1mand 0.2mZapA, respectively, confirming
the inhibitory effect of ZapA on FtsZ turnover (see the supple-
mental material for details on calculations).
GTP hydrolysis, although not required for FtsZ protofilament
assembly (43, 44), is required for FtsZ turnover, as it appears to
provide a way to destabilize the polymers, leading to constant
exchange of FtsZ subunits (37). ZapA has been shown to inhibit
FtsZ GTPase activity, likely as a consequence of enhanced lateral
association of FtsZ protofilaments (21, 22). Since GTP hydrolysis
is the rate-limiting factor for depolymerization of FtsZ (45), we
suggest that the effect of ZapA on FtsZ turnover is linked to re-
ducedGTPase activity of FtsZ. The sensitivity of FtsZ toMinCwas
shown to be critically dependent on theGTPase activity of FtsZ (6,
37). More-recent work suggests that it is the hydrolysis-induced
turnover that is utilized by MinC to depolymerize FtsZ (6). Our
data provide direct support for the view that ZapA may protect
FtsZ fromMinCby reducing FtsZ turnover, as shown in themodel
(Fig. 4D).
We have been unable to recapitulate the in vitro protection of
FtsZ bundles from MinC action in our in vivo assays, either be-
cause of the insensitivity of the assays or because other in vivo
factors influence the stability of FtsZ bundles and/or the effect of
ZapA on them.
The rate of FtsZ turnovermeasured here in the in vitro assays is
similar to that estimated by in vivo FRAP (9 s) (38) and to the rate
of exchange of FtsZ subunits between protofilaments (which is
indicative of the rate of assembly of FtsZ protofilaments) calcu-
FIG 3 Time-lapse analysis. Data are shown for PB253 (paraSulA pftsKftsZ-cfp) (A), PB245 (parasulA zapA-yPet) (B), PB323 (parasulA yPet-zapB) (C), and
(parasulA zipA-yPet) (D) grown in the presence of arabinose to overexpress SulA. Phase-contrast images (in red) weremergedwith fluorescent images (in green).
The graphs beside each panel represent the plot of differential fluorescence intensities between the left side and right side of each cell, calculated for 5
representative cells of each strain, chosen fromfields of view containing100 cells.Mean values are reported, with scale bars representing the standard deviations
from the means. Cells were grown in M9 medium supplemented with 0.2% glycerol at 37°C, and 0.2% arabinose was added for one generation before imaging
was performed. Bars, 2 m.
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lated by in vitro FRET analysis (3.5 to 7 s) (46). These values are all
consistent with our model for the counter-oscillation of FtsZ-
bound ZapAB and ZipA, which requires not only that FtsZ be able
to rapidly assemble into bundles at the cell pole with the lowest
MinC concentration but that bundle disassembly also occurs suf-
ficiently rapidly when MinC is present, thereby supporting an
oscillation (and counter-oscillation) period of about 20 s.
Conclusions. In this work, we have shown that early-cell-
division proteins display highly dynamic behavior prior to septum
formation. We have shown a co-oscillation of ZipA, ZapAB, and
FtsZ from pole to pole which is in the direction opposite to that of
MinCDE, has the same period, and is dependent on functional
MinCDE and FtsZ polymerization. These results lead us to pro-
pose that FtsZ rapidly assembles into slowly diffusing protofila-
ments and bundles, is tethered to the cell membrane through FtsA
or ZipA, and is limited in length by the combined action of the
Min and the nucleoid occlusion systems, as proposed by Pichoff
and Lutkenhaus (47). Our results indicate that these slowly diffus-
ing bundles accumulate at the cell pole where the MinC concen-
tration is lowest and are bound by ZipA and ZapAB, thereby al-
lowing their visualization at the timescales assayed. As a wave of
MinC approaches these complexes, disassembly to give rapidly
diffusing complexes occurs rapidly, thereby leading to the appar-
ent counter-oscillation. This behavior was recapitulated in an in
vitro system that showed that FtsZ bundles are excluded from
dynamic Min waves. The ability of FtsZ oligomers to begin the
physical association with ZapA, ZapB, and ZipA prior to septum
formation represents an efficient mechanism for a rapid assembly
of the divisome once targeting to the cell center can occur as a
consequence of the completion of chromosome segregation.
MATERIALS AND METHODS
Bacterial strains. All strains used in this work were derivatives of E. coli
K-12 AB1157 (48) and are listed in Table 1. Strains containing a
C-terminal fluorescent fusion of ZipA to YPet or to mCherry were con-
structed by -Red recombination essentially as described before (49) us-
ing oligonucleotides ZipA-F and ZipA-R and selecting for kanamycin
resistance (Kanr). Strains containing YPet-ZapA, mCherry-ZapA, YPet-
FIG 4 Effect of ZapA on FtsZ-Min waves reconstituted on supported lipid bilayers. (A) Time-lapse analysis of reconstituted FtsZ-Min waves in the absence (top
panel) and in the presence (bottom panel) of ZapA. Images were acquired every 30 s. FtsZ was visualized thanks to the presence of 50% fluorescently labeled
FtsZ-YFP-MTS; similarly, MinDwas present as a mixture of unlabeled and 20% labeledMinD-Cy5. Adding ZapA resulted in disruption of both FtsZ andMinD
waves. Bar, 25 m. (B) A more detailed version of the experiment reported for panel A, performed in the presence of ZapA. FtsZ bundling caused by ZapA
resulted in stable FtsZ assembly in areas previously occupied byMinwaves, which disappeared. Scale bar, 50m. (C) FRAPperformedonFtsZ bundles assembled
on supported lipid bilayers. The graph reports the recovery of the intensity of FtsZ-YFP-MTS fluorescence after photobleaching, in the presence of different
concentrations of ZapA. The y axis represents the range of intensities of recovery after photobleaching. Curves were fitted with a reaction-dominant model as
described in the supplemental material. arb., arbitrary. (D)Model explaining the effect of ZapA on FtsZ bundles and the consequence of its coupling to theMin
waves. FtsZ bundles exhibit GTPase-induced turnover. This turnover is essential for the action of MinC, which results in coupling of FtsZ polymerization to the
Min waves. In the presence of ZapA, which is known to bundle FtsZ polymers and to inhibit FtsZ GTPase activity, the FtsZ bundles are rendered resistant to
MinC, thus decoupling them from the Min waves.
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ZapB, YPet-MinC, and mCherry-MinC N-terminal fluorescent deriva-
tives were constructed by -Red recombination using oligonucleotide
pair ZapA-NF and ZapA-NR, oligonucleotide pair ZapB-NF and ZapB-
NR, and oligonucleotide pairMinC-NF andMinC-NR selecting for kana-
mycin resistance. Oligonucleotides used in this work are presented in
Table S1 in the supplemental material. When required, the DNA region
between the two frt sites containing the kanamycin resistance gene of these
strains was removed using Flp recombinase expressed from pCP20 (50).
Strains containing two fluorescent derivatives of ZapA, ZapB, or ZipA
were constructed by P1 transduction, using a strain containing one of the
constructs as the donor strain and a strain containing the other construct
as the receiver strain, selecting for kanamycin resistance. Strains express-
ing an FtsZ-CFP fluorescent derivative contain plasmid pCP8, which al-
lows constitutive expression of FtsZ-CFP from a weak promoter and pro-
vides ampicillin resistance (Ampr) (32). Strains expressing SulA under
conditions of arabinose-inducible control were constructed by transfor-
mation with plasmid pWM1736, a kind gift fromWilliamMargolin (34),
selecting for chloramphenicol resistance (Cmr). Strains deleted forminDE
and zapAwere constructed by P1 transduction using strainWX0 (AB1157
minDETetr; laboratory stock) and strainHY1-31 (MC4100zapACmr;
a kind gift from Anuradha Janakiraman [51]) as donor strains, selecting
for tetracycline resistance (Tetr) and chloramphenicol resistance, respec-
tively.
Preparation of cells for microscopy. Cells were grown at 37°C and
220 rpm in LB until the early exponential phase and then subcultured
overnight in M9 glycerol. The following day, cultures with an A600 of
between 0.1 and 0.4 were diluted to an A600 of 0.02 and grown until an
A600 of 0.1 was achieved. Newborn cells were 2.2 to 2.5 m long, and
dividing cells were 4.4 to 5.0 m long. Cells were then concentrated and
laid on anM9–glycerol–1% agarose pad. For nucleoid visualization, cells
were stained with 1 g ml1 DAPI (4=,6-diamidino-2-phenylindole) im-
mediately before imaging was performed. For SulA overexpression, 0.2%
arabinose was added to exponentially growing cultures at an A600 of 0.1
for one generation before imaging was performed.
Image acquisition and analysis. Cells were visualized with a 100
objective on a Nikon Eclipse TE2000-U microscope, equipped with a
Photometrics Cool-SNAPHQ charge-coupled-device (CCD) camera and
a temperature-controlled incubation chamber, at the constant tempera-
ture of 37°C. Images were acquired and analyzed using Metamorph 6.2
software and ImageJ. Reconstituted FtsZ-Minwaveswere visualized using
a Zeiss LSM 780 confocal microscope with a Zeiss 40  1.2 numerical
aperture (NA) objective. The same equipment was used for the photo-
bleaching experiments. Analysis of fluorescence dynamics and oscilla-
tions was performed precisely as described in reference 34: in order to
calculate the fluorescent intensity differential in time-lapse experiments,
the levels of integrated fluorescence over the left half and right half of each
analyzed cell were measured at each time point, and the differences be-
tween these values (right half minus left half) were calculated and plotted
in a graph against time.
Protein purification. His-MinD and His-MinE were purified and
fluorescently labeled as previously described (39, 41). His-eGFP-MinC
was purified as previously described (41), with an extra size exclusion
chromatography step. E. coli FtsZ-YFP-MTS, FtsZ-F268C, and FtsZ were
purified as described elsewhere (52). For a description of the FtsZ-YFP-
MTS construct, see reference 52. ZapA was purified by nickel affinity
column chromatography, with elution in imidazole. This was followed by
dialysis and a second nickel column chromatography procedure with
cleavage and elution of ZapA without a His tag with factor Xa (Novogen).
Supported lipid bilayers. Small unilamellar vesicles (SUVs) were pre-
pared by sonication of E. coli lipid extract (Avanti Lipids) (4 mg ml1)
with 0.1moles percent (mol%)DiI in FtsZ polymerization buffer at room
temperature. The suspensionwas diluted to 0.5mgml1 and added to the
substrates or glass rods and warmed to 37°C. Adding CaCl2 to a 2.5 mM
concentration induced fusion of the SUVs on mica, leading to bilayer
formation. The sample was rinsed with 2 ml polymerization buffer to
remove unfused SUVs.
Protein assemblies and assays. For reconstitution of MinCDE waves
and FtsZ filaments, a Tris buffer (50 mM Tris [pH 7.5], 150 mM NaCl,
7.5 mM MgCl2) was used. The final FtsZ concentration used for FRAP,
single-molecule, and depolymerization experiments was 0.2 M. To per-
form FRAP, FtsZ filament networks were assembled with 1:1 FtsZ and
FtsZ-YFP-MTS at 0.2MinTris buffer. Different concentrations of ZapA
were added and allowed to equilibrate for 5 min before FRAP was per-
formed on a total internal reflectance fluorescence (TIRF) microscope.
FRAP curves were analyzed by ImageJ, and fitting was done using Origin-
Lab with a reaction dominant model as explained in the supplemental
material. For reconstitution of the waves, the total concentrations of the
proteins used were 1 MMinD, 1.5 MMinE, 0.2 MMinC, and 1 M
FtsZ. MinD was doped with 20 mol%MinD-Cy5 and FtsZ with 50 mol%
FtsZ-YFP-MTS. GTP and ATP were used at 500 M each. ZapA was
added to a concentration of 0.1 M. All the buffers in the experimental
chamber were supplemented with an oxygen-scavenging system consist-
ing of glucose oxidase (75 U ml1), catalase (1,500 U ml1), -D-glucose
(0.25 [wt/vol]), and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) (1 mM) just before the experiments were performed.
FRAP curves were analyzed by ImageJ, and fitting was done using Origin-
Lab and a reaction-dominant model as explained in the supplemental
material.
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TABLE 1 List of strains used in this work
Strain Genotype (phenotype) Source
PB131 yPet-zapA (Kmr) zipA-mCherry frt This study
PB206 yPet-minC (Kmr) This study
PB208 yPet-zapA (Kmr) zipA-mCherry frt pftsK ftsZ-cfp (Ampr)This study
PB211 yPet-minC (Kmr) zipA-mCherry frt This study
PB213 yPet-minC (Kmr)mCherry-zapA frt This study
PB220 yPet-zapA (Kmr) zipA-mCherry frt minDE (Tetr) This study
PB230 pftsK ftsZ-cfp (Ampr) This study
PB240 yPet-zapA frt pftsK ftsZ-cfp (Ampr) This study
PB245 yPet-zapA frt para sulA (Cmr) This study
PB253 pftsK ftsZ-cfp (Ampr) parasulA (Cmr) This study
PB283 zipA-yPet (Kmr) pftsK ftsZ-cfp (Ampr) This study
PB318 mCherry-minC (Kmr) yPet-zapB frt This study
PB319 mCherry-zapA (Kmr) yPet-zapB frt This study
PB323 yPet-zapB frt parasulA (Cmr) This study
PB325 yPet-zapB frt pftsK ftsZ-cfp (Ampr) This study
PB333 mCherry-zapA (Kmr) yPet-zapB frt pftsK ftsZ-cfp
(Ampr)
This study
PB334 zipA-mCherry (Kmr) yPet-zapB frt pftsK ftsZ-cfp (Ampr) This study
PB351 mCherry-zapA frt yPet-zapB frt minDE (Tetr) This study
PB352 zipA-mCherry frt yPet-zapB frt minDE (Tetr) This study
PB393 yPet-zapB frt pftsK ftsZ-cfp (Ampr) zapA (Cmr) This study
PB394 zipA-yPet (Kmr) parasulA (Cmr) This study
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